Introduction
[2] It is reasonable to consider the water exchange induced by Kuroshio frontal waves (or frontal eddies) growing at the shelf break in the East China Sea; see Figure 1 for the topography and schematic view of ocean currents. In fact, on the basis of field measurements and numerical modeling, Isobe et al. [2004] demonstrate that Kuroshio frontal waves cause offshore intrusions of lesssaline shelf water into the Kuroshio intermediate layer. However, the offshore transport across the shelf break occurs mostly when the Kuroshio on the shelf turns toward the Tokara Strait. Hence it is unlikely that the eddy-induced offshore transport is a significant fraction in the water budget in this area.
[3] This study attempts to estimate the total amount of the onshore cross-frontal (or cross-shelf) transport induced by nonlinear frontal waves at the shelf break of the East China Sea; the shelf break is located around the 200-m isobath in this area. We here consider a box model representing the East China Sea shelf in a steady state. Integrating the salinity conservation equation over the box model yields
where S TW , S KS , S ES , and S TS denote salinities at the Taiwan Strait, Kuroshio upper layer, East China Sea shelf, and Tsushima/Korea Strait, respectively. Q R , Q TW , Q KS , and Q TS represent the river discharge into the area, the volume transport through the Taiwan Strait, the onshore transport from the Kuroshio across the shelf break, and volume transport through the Tsushima/Korea Strait, respectively. As mentioned above, the objective of this study is to estimate Q, that is, the onshore (= offshore) cross-frontal transport associated with the water exchange at the shelf break. Note that the freshwater flux through the sea surface is negligible in a long-term average [Chen et al., 1994] . The above volume transports must satisfy the below equation:
suggests that the onshore cross-frontal transport (Q = 0.61 Sv) is comparable with volume transports (i.e., Q TS and Q TW ) of ocean currents over the shelf. Moreover, this transport is much larger than the river discharge into the area.
[4] Is this onshore transport really comparable with the volume transport of ocean currents over the shelf? If this is the case, the cross-frontal transport at the shelf break must be critical to determine water mass characteristics of the shelf circulation in the East China Sea. This scenario is consistent with Lim [1971] and Sawara and Hanzawa [1979] who point out, on the basis of archived hydrographic data, that the water mass of the Tsushima Warm Current is formed by a mixture between Kuroshio and shelf waters around the shelf break. Is the onshore transport induced by eddies much larger than the river discharge of the Changjiang that is a prominent nutrient source in this area? If this is the case, the cross-frontal onshore transport from the nutrient-rich subsurface layer may be the most prominent nutrient source in this area. This scenario is consistent with Chen and Wang [1999] who argue, on the basis of a nutrient budget in this area, that the onshore transport from the Kuroshio subsurface layer is a major source of nutrients to the East China Sea shelf.
[5] Difficulty arises from intense spatiotemporal variability of frontal waves in estimating the cross-shelf transport along the entire East China Sea shelf break. A snapshot of the transport might be observed when one encounters a frontal wave by chance [e.g., Yanagi et al., 1998 ]. However, it is probably impossible to estimate the total amount of the transport integrated over the shelf break only on the basis of field measurements. Hence it is reasonable to use a numerical model approach in which Kuroshio frontal waves are reproduced accurately.
[6] The numerical model in this study is required to simulate the large-scale ocean circulation realistically in the study area; otherwise, a wrong Kuroshio structure results in frontal-wave characteristics different from those observed in this area. Thereby the modeling should be carried out in a broad domain with boundary conditions consistent with observations. In addition, the model is required to simulate Kuroshio frontal waves realistically in order to quantify their contribution to the cross-frontal onshore transport. Thereby the model must include smallscale topographic irregularity that may trigger frontal waves. In this study, two numerical models are combined to satisfy these two requirements.
[7] One is the Princeton Ocean Model (hereinafter, POM [Mellor, 2003] ) that has been used widely in shelf circulation studies. As shown later, this model reproduces the overall current features satisfactory in Region 1 of Figure 1 . The second model is the Finite Volume Coastal Ocean Model (hereinafter, FVCOM [Chen et al., 2003] ), which is adopted for a limited area (Region 2 of Figure 1 ) around the shelf break. FVCOM uses a horizontal grid composed of unstructured triangular cells that allow topographic irregularities to be resolved precisely. In the present application, results of POM are given to FVCOM as boundary conditions updated every time step (i.e., one-way nested model). In general, finite-volume models (e.g., FVCOM) need a calculation time longer than finite difference models (e.g., POM); for instance, the external mode (see Chen et al. [2003] for its meaning) of FVCOM is solved using the fourth-order RungeKutta scheme that requires four time-iterations in each time step in order to enhance the model accuracy instead of the single time step used in POM. However, we will be able to model the large-scale circulation efficiently because of POM used for the large area. In addition to the large-scale circulation, as shown later, the combination of these two models reproduces frontal waves realistically at the shelf break in the East China Sea, and enables us to estimate the onshore crossfrontal transport throughout a year.
[8] This paper is organized as follows. Section 2 describes observed characteristics of the Kuroshio frontal wave that is a target to be reproduced in our numerical model. Model details are provided in section 3. Model results and comparison with observations are shown in section 4. In section 5, we demonstrate examples of the eddy-induced cross-frontal transport at the shelf break, and estimate the onshore cross-frontal transport integrated along the entire shelf break in our numerical model. Section 6 gives the conclusion.
Kuroshio Frontal Waves Observed at a Buoy Station
[9] The Kuroshio frontal wave has been investigated by many authors on the basis of mooring data [Sugimoto et al., Figure 4 . The open circle denotes the JMA buoy station. Ocean currents in this area are shown schematically by gray arrows. The Kuroshio, Taiwan Warm Current, and Tsushima Warm Current are represented by letters, KS, TwWC, and TsWC, respectively. Paths for the latter two currents change to dashed lines, and disappear in the central part of the East China Sea to express the fact that the origin of the Tsushima Warm Current is still a question of debate [Uda, 1934; Fang et al., 1991; Lie and Cho, 1994; Lie et al., 1998; Hsueh et al., 1996; Katoh et al., 1996; Katoh et al., 2000; Isobe, 1999a Isobe, , 1999b Isobe, , 2000 Isobe, ]. 1988 Qiu et al., 1990; James et al., 1999] , satellite IR images [Qiu et al., 1990] , and archived hydrographic and current data [Ichikawa and Beardsley, 1993] . The period, wavelength, and phase speed have been found to be between 8 and 23 days, 100 and 375 km, and 8 and 26 km/day, respectively (Table 1 ). Here we also describe characteristics of the frontal wave using temperature records obtained at a long-term buoy station. The Japan Meteorological Agency (hereinafter, JMA) had monitored water temperatures at 2, 20, and 50 m at the buoy station ; 126-m depth) shown by the open circle in Figure 1 ; Qiu et al. [1990] also used temperature records from this buoy station.
[10] Figure 2 shows time series of temperature at 20-m depth from 1995 to 2000. These time series represent anomalies from each annual mean. In addition, we remove annual variations by fitting a sinusoidal curve to focus on variations with periods much shorter than the annual cycle, and remove short-term fluctuations due to meteorological disturbances using a 5-day running mean. Periodicity of the above processed data is investigated with wavelet analysis [Torrence and Compo, 1998 ]. Figure 3 shows wavelet spectra of 2-, 20-, and 50-m temperature records. Also shown are spectra averaged in each period on the righthand side of these panels.
[11] In Figure 2 we find large fluctuations with periods less than one month and amplitudes around 1 to 2°C. Figure 3 shows that strong signals are observed in the period band of Kuroshio frontal waves although the upper limit seems to extend beyond 30 days. Qiu et al. [1990] point out that these short-term (i.e., less than 1 month) fluctuations are caused by the passing of frontal waves at the buoy station. Signals are weak during summer in the wavelet spectrum at 2-m depth. However, apart from the surface layer, short-term fluctuations are visible regardless of season. This is because the horizontal gradient of the sea surface temperature weakens owing to intense surface heating in summer, and because horizontal motion related to frontal waves is difficult to detect in the temperature distribution at 2-m depth.
[12] Beside the short-term fluctuations caused by the passing of frontal waves, relatively strong signals are also found with periods longer than several months (see arrows in Figure 3 ). We hereinafter call these signals ''semiannual variation'' for convenience although, in strict terms, the period seems to vary between 90 and 200 days. This variation will be useful to prove model accuracy as shown later in section 4, although the dynamical interpretation for Figure 2. Time series of temperature at the JMA buoy station from 1995 to 2000. Data at 20-m depth are used here. All time series denote anomalies from each annual mean represented by abscissas. In addition, the annual variation is removed from each time series. Thin lines denote hourly data smoothed with a 48-hour low-pass filter [Hanawa and Mitsudera,1985] . In addition, the fluctuations due to meteorological disturbances are smoothed with a 5-day running mean as shown by thick lines. Curves are interrupted when data are missing. Upper two lines denote time series at the buoy station in each numerical model (see section 4.2).
the semiannual variation is not the main subject of this study.
Model Descriptions

POM Adopted for Region 1
[13] POM is adopted for Region 1 covering the Yellow Sea, the East China Sea, and a part of the North Pacific as shown in Figure 1 . The grid spacing is 1/12 degree ($9 km) in latitude and longitude. We use the topographic data set with 1/12-degree resolution (ETOPO5) provided by the U.S. National Geophysical Data Center. The model domain is divided into 11 s-layers vertically.
[14] The horizontal viscosity and diffusivity are parameterized with the Smagorinsky diffusion formula provided in the original POM code. The vertical viscosity and diffusivity are obtained through the second-order turbulence closure scheme of Mellor and Yamada [1982] . Parameters used in this model are listed in Table 2 .
[15] Observed volume transports are imposed at the Taiwan Strait , the Tsushima/Korea Straits [Isobe et al., 2002] , east of Taiwan, and south of Japan. The latter two denote Kuroshio transports determined in line with the estimate of Ichikawa and Chaen [2000] . In addition, the temperature and salinity at each open boundary are determined with climatological values archived in WOA94. The vertical gradient of the current velocity is specified at each open boundary so that geostrophy is satisfied on the basis of hydrographic data in WOA94. Using the wind speed in the Comprehensive Ocean-Atmosphere Data Set [Woodruff et al., 1987] , we compute the wind stress at each grid using the neutral drag coefficient of Large and Pond [1981] . The heat flux through the sea surface is given by the sea surface temperature restored to climatological values (WOA94) within a timescale much shorter than the seasonal variation; we choose 5 days in this application. A homogeneous freshwater flux is prescribed at the sea surface over the whole model domain. This value is the difference between the evaporation and precipitation averaged spatially in the Yellow and East China seas [Chen et al., 1994] . Fresh water from the Changjiang [Shen et al., 1998 ] is also supplied to the model. The above boundary conditions and forcing vary with an annual cycle. Time integration is continued until the end of year 8 when yearto-year variability disappears. Results taken from final two years are used in subsequent calculations.
[16] Results in Region 1 have already been presented by Chang and Isobe [2003] . This model reproduced the behavior of Changjiang Diluted Water accurately (see their Figure 3 . Wavelet spectra for temperature time series at 2-, 20-, and 50-m depths. The abscissa of each panel represents the time, and the ordinate denotes the period in days. The magnitude of each spectrum is normalized by the variance of that time series, and is indicated by the gray scale shown in the upper right of this figure. Wavelet spectra cannot be computed on either end because of the finite-length time series [see Torrence and Compo, 1998 ], and so the area is blacked out. The upper and lower limits of the periods in Table 1 are shown by the two horizontal lines in each panel. Arrows indicate the ''semiannual'' variation; see the text for details. Also shown are spectra averaged in each period on the right-hand side of the panels. These averaged spectra are normalized by the maximum value in each panel. 
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Figures 6 and 7) and the freshwater transport at the Tsushima/Korea Straits (see their Figure 9 ) as observed by Isobe et al. [2002] . We refer the reader to Chang and Isobe [2003] for a more thorough description of model details.
FVCOM Adopted for Region 2
[17] Region 2 is located over the shelf break as shown in Figure 1 . The areas where the Kuroshio impinges on the shelf break east of Taiwan and where the Kuroshio turns abruptly toward the Tokara Strait are omitted in Region 2 to avoid the complexity of currents at the boundaries between the two numerical models. Thus one may find the Kuroshio flowing parallel to the shelf break in the model results in Region 2. However, the cross-shelf transport integrated along the entire shelf break must be offshore because part of the Kuroshio running over the shelf has to leave for the Tokara Strait. Nevertheless, onshore cross-shelf transport exists owing to growing frontal waves as shown later in section 5. As mentioned previously, FVCOM is adopted for Region 2 to resolve the complex bottom topography using unstructured triangular grid cells. The bathymetric data set of Choi et al. [2002] with the 1/60-degree resolution is used for Region 2. This data set provides us with one of the most accurate and high-spatial resolution bathymetric grid data in the East Asian marginal seas.
[18] Figure 4 shows the topography of Region 2 and illustrates the FVCOM triangular-cell in one region of complex topography over the shelf break. Note that the shelf break topography indicated by the arrow (see Figure 4) features a complex indentation, and that the bottom slope changes abruptly there. We will show that this topographic irregularity forces fluctuations (section 4.2) as well as the stable eddy (section 4.1). The length of cell edges is the same as that of Region 1 (1/12 degree) at open boundaries so that Region 2 is connected to Region 1 without spatial interpolations of variables. Thereby the one-way nested model in this study is likely to conserve the volume transport between two different models. The length reduces to 1/30 degree ($3 km) near the shelf break, which is sufficiently small to reproduce frontal waves with a wavelength between 100 and 375 km. The model domain is divided into 11 s-layers in Region 2 in the same manner as Region 1.
[19] FVCOM uses the Smagorinsky formula for the horizontal viscosity and diffusivity. In addition, the same scheme and parameters used in Region 1 for the vertical viscosity and diffusivity are used in FVCOM. Parameters used for FVCOM are listed in Table 2 .
[20] When modeling Region 1 during the final two years, we save horizontal current velocities, temperature, and salinity along the Region 2 boundaries once each day. These daily variables are then smoothed with a 5-day running mean to remove higher frequency disturbances. These smoothed data are updated every FVCOM time step using linear interpolation and used as the Region 2 boundary conditions.
[21] Areas within 40 km of the Region 2 boundaries are ''sponge regions,'' where horizontal current velocities, temperature, salinity, and sea surface elevation in Region 2 are restored to those of Region 1 to suppress artificial disturbances that might arise owing to the connection between the two different models. These variables in Region 1 are saved once each day in the final two years, smoothed with a 5-day running mean, and then updated at each FVCOM time step using linear interpolation prior to spatial conversion. We add a simple nudging term, g(f 1 À f 2 ), to the continuity equation and conservation equations for momentum, temperature and salinity. Here g is the reciprocal of the nudging timescale, f 1 and f 2 denote variables in Regions 1 and 2, respectively. The definition point of f 1 is converted to that of f 2 with a Gaussian filter whose e-folding scales are adjusted to the lengths of the triangular cell edges at each definition point. The timescale of the nudging is 3 hours at the boundary. The nudging coefficient decreases linearly toward the model interior, and becomes zero at !40-km distances from the boundaries. In order to make bathymetric data in the sponge region, ETOPO5 is blended with data from Choi et al. [2002] through a weighted average whose coefficient varies linearly from 0 to 1 with the distance from boundaries.
[22] Heat, freshwater and momentum fluxes through the Region 2 sea surface are the same as those in Region 1.
Definition points of the wind stress and restoring temperature are adjusted with the same Gaussian filter as variables in the sponge region.
[23] FVCOM is integrated through the end of the second year when the short-term fluctuations of the modeled variables appear to be in quasi-steady state. Results taken from the final year are used in subsequent analyses.
Results
Snapshots of the Modeled Ocean
[24] Figure 5 shows snapshots of current vectors and temperature at 10-m depth on 15 February (representative of midwinter) and 15 August (midsummer). Results in 
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Region 1 are shown in the top panels. The area within the rectangle in the top panels is enlarged in the middle two panels to emphasize the Kuroshio currents near the shelf break. Comparing the modeled behavior of the Changjiang river plume with that observed, Chang and Isobe [2003] showed that the POM (i.e., Region 1) reproduces the general structure of the currents over the shelf accurately. In these two middle panels, the Kuroshio mainstream is located on the offshore side of the 200-m isobath (i.e., along the shelf break) with a current speed of about 1 m/s. The path and current speed are consistent with the Kuroshio observed in this area; see Qiu et al. [1990] for the long-term mean current field. However, in the middle two panels, the Kuroshio flows smoothly along the shelf break without remarkable eddy activity.
[25] When POM within the rectangle is replaced by the high-resolution FVCOM (i.e., Region 2) as shown in the bottom two panels, the Kuroshio mainstream is still located along the shelf break, but exhibits significant spatial variability associated with the more complex local bathymetry. The most remarkable difference between the two model solutions is eddies revealed at the shelf break. In particular, a cyclonic eddy (see the large arrow) exists in both the FVCOM February and August snapshots near the area with the complex indentation. Figure 6 shows a climatological distribution of temperature observed at 10-m depth. To depict this figure, we use expendable bathythermograph data provided on the web site of Japan Oceanographic Data Center (http://www.jodc.go.jp/) in addition to the data archived in WOA94. All data (258,764 data in total) are averaged in each grid with the 10-min resolutions in latitude and longitude after removing the seasonal variation by fitting an annual sinusoidal curve. A cyclonic eddy (see the large arrow) is detected at the location where the cyclonic eddy appears in the FVCOM snapshots.
Fluctuations Revealed in Models
[26] The top panel of Figure 7 shows the horizontal distribution of the root mean square (RMS) of temperature at 10-m depth in the final year in Region 2. RMS is defined
at each FVCOM temperature node, where T is the temperature after removing the seasonal variation by fitting an annual sinusoidal curve, T the annual mean at each node, and N the number of time steps in a year. The areas with large RMS appear along the shelf break and broaden in the Kuroshio downstream direction. This distribution pattern of RMS suggests that frontal waves grow gradually as they propagate downstream along the shelf break. In addition, the distribution pattern suggests that large RMS results from activities of Kuroshio branch [Katoh et al., 2000] and mesoscale eddies in the downstream portion. The large RMS appears near the areas (see two large arrows in the top panel of Figure 7 ) where the bottom slope changes abruptly at the shelf break. The bottom panel of Figure 7 shows the observed RMS distribution computed with the data set used to depict Figure 6 . In total, the observed values are larger than modeled values presumably owing to disturbances excluded from the present model (e.g., short-term meteorological fluctuations). However, the areas with large RMS (>1.2) are revealed at the same locations as the model (see two large arrows). In addition, as the distribution pattern in the model, the areas with large RMS broaden in the Kuroshio downstream direction.
[27] Figure 8 represents space-time plots of the temperature anomaly at 10-m depth along the 200-m isobath between points A and B (see the top panel of Figure 7 for their locations). The top panel of Figure 8 shows the spacetime plot of the anomaly in Region 1 along the same line, while the bottom panel is the plot for Region 2. Although temperature fluctuations propagate downstream in Region 1, their magnitude are considerably weaker than results in Region 2. In addition to periodicity less than 1 month, the semiannual (in strict terms, 4-or 5-month) fluctuations are visible only in Region 2. For the reader's reference, the positive and negative phases in the semiannual cycle at point A are indicated by solid and dashed lines in the bottom panel of Figure 8 .
[28] Temperature fluctuations with different periods seem to coexist in the space-time plot of Region 2, so that these fluctuations are decomposed into two complex EOF modes (see Barnett [1983] for its procedure) which account for more than 80% of the total signal. The first mode shown in the top panel of Figure 9 represents the semiannual variation clearly, while the second mode corresponds to fluctuations with period shorter than one month. The propagation speed of the second mode is variable in the range between 5 and 20 cm/s, which is consistent with the phase speed of Kuroshio frontal waves observed in the East China Sea (Table 1 ). The propagation speed of the first mode varies between 5 and 10 cm/s.
[29] Time series of model temperature at the buoy station are depicted in Figure 2 using results at 20-m depth in Regions 1 and 2. The Region 1 temperature fluctuations do not persist throughout the year, while the Region 2 fluctuations with periods shorter than one month do exist throughout the year. In addition, the amplitudes of the Region 2 fluctuations reach 1 -2°C which agrees with observation. Thus we conclude that eddy activity including Kuroshio frontal waves and semiannual variation is reproduced realistically in Region 2. In the following section, we describe the temperature fields associated with fluctuations mentioned above, and evaluate the onshore cross-frontal transport in Region 2.
Discussion
Semiannual Variation
[30] Before estimating the cross-frontal transport at the shelf break, we first describe why the semiannual variation is seen at the JMA buoy station in Region 2. Figure 10 shows 10-m FVCOM temperature fields averaged over May, June, July and August. To show the semiannual variation clearly, we remove the annual average, the annual variation by fitting a sinusoidal curve, and short-term disturbances through a 5-day running mean.
[31] Figure 10 enables us to specify the area where the semiannual variation is generated. In May, a positive anomaly is created near point A where the bottom slope changes abruptly, the stable cyclonic eddy exists (Figure 5) , and RMS temperature variability is large (Figure 7) . The positive anomaly propagates downstream from May to June. Thereafter, a negative anomaly is created near point A in July, which then propagates downstream in August like the positive anomaly did two months before. The above process results in the semiannual variation revealed at the buoy station.
[32] According to the recent theoretical study by Isobe [2004] , frontal waves at the shelf break excite alternating bands of mean currents over the shelf, and excite fluctuations with periods of several months. The semiannual variation may result from nonlinear interaction between frontal and topographic Rossby waves as mentioned by Isobe [2004] although in-depth examination of the modeled current field is needed to determine the exact dynamical nature of the semiannual fluctuations.
Kuroshio Frontal Waves and Their Related Cross-Frontal Transport
[33] Model temperature fluctuations suggesting the passage of Kuroshio frontal waves are observed throughout the year along the shelf break in Region 2. We present next two examples of growing frontal waves and their related crossfrontal transport.
[34] Figure 11 represents the horizontal distribution of temperature at 10-m depth within rectangles A and B; see the top right panel for their location. The first example occurs in rectangle A from June 18 to 24. A Kuroshio frontal wave takes the form of a folded-wave pattern on June 18. This wavy pattern has a spatial scale of about 200 km. A warm filament thereafter extends southwestward from 20 to 22 June. The extended warm filament detaches from the Kuroshio mainstream on 24 June, and moves onto the shelf. These four sequential panels demonstrate that an onshore transport can be induced intermittently by a breaking Kuroshio frontal wave. A similar transport process can be found within rectangle B from 18 to 24 March; see the top four panels. The spatial scale of this wavy pattern is about half compared to the wave in rectangle A. This second example indicates that eddy-induced onshore transports occur in various areas and various spatial scales.
[35] Onshore transports induced by Kuroshio frontal waves occur in the lower layer as well as the upper layer. Figure 12 shows the temperature distribution above the bottom (i.e., the deepest s-layer) beneath the second example of Figure 11 . Bold lines in Figure 12 represent the frontal wave detected at 10-m depth. As the frontal wave grows in the upper layer, offshore cold water advances onto the shelf, especially at the trough of the frontal wave in the lower layer; we herein call the portion where onshore (offshore) water extends offshore (onshore) the trough (crest). Figure 12 resembles the well-known schematic view of Lee et al. [1981, Figure 18] showing ''upwelling'' of offshore water at the trough of a Gulf Stream frontal wave over the outer shelf in the South Atlantic Bight. It is reasonable that offshore subsurface water is located at the trough of frontal waves because Kuroshio frontal waves are generated primary by baroclinic instability [James et al., 1999] , and because the phase of baroclinic instability waves in the lower layer is delayed in comparison to that in the upper layer. In addition to ''upwelling'' of offshore water, this vertical tilting of frontal waves results in the offshore intrusion of less saline shelf water into the Kuroshio 
Estimate of the Onshore Transport at the Shelf Break in Region 2
[36] As shown in foregoing sections, periodicity and amplitude of temperature fluctuations are reproduced satisfactorily at the buoy station by FVCOM in Region 2. In addition, frontal waves propagate along the shelf break with phase speeds consistent with observations. Moreover, smallscale eddies are released from the Kuroshio onto the shelf when the frontal wave decays in the upper layer. The onshore subsurface intrusion of offshore water is also visible just beneath the trough of the frontal wave. We estimate the cross-frontal transport at the shelf break in conjunction with passive tracer experiments carried out in this numerical model.
[37] A passive tracer with the concentration of 1.0 is fixed along the 200-m isobath (i.e., the shelf break) in the course of the calculation. The tracer is set to be homogeneous vertically so that the tracer takes the form of a curtain at the shelf break. The tracer experiment is carried out using the current field from the final simulation year. Tracers leaving open boundaries never return to the model interior. Over the shelf shallower than 200-m depth, we calculate the total amount of tracer concentration multiplied by each cell volume, that is, the total amount of water including the passive tracer. Moreover, tracer leaving the open boundary where the water depth is less than 200 m (i.e., open boundaries over the shelf) is added to this estimate. Then the time derivative of the total amount of water including the passive tracer is computed. Hence this time derivative is regarded as the net transport integrated along the shelf break of the model. When this transport is positive, a net onshore transport occurs from the Kuroshio region onto the shallow shelf. The above experiment is conducted in Region 1 as well as Region 2 for comparison of models with and without realistic frontal waves. The experiments exclude the horizontal diffusivity of tracer because the two models with different grid spacing have different horizontal diffusivities. However, when we add horizontal diffusivity in the model, the difference is negligible in the estimate of the onshore cross-frontal transport (not shown).
[38] The top panel of Figure 13 represents onshore transports of Regions 1 and 2 throughout the final year. Values in both Regions 1 and 2 are mostly positive, which means onshore transports occurred throughout the year. However, onshore transport varies largely in time in Region 1. Although transports in Region 1 exceed those in Region 2 sporadically, onshore transports take relatively small values, less than 0.5 Sv during much of the year. With realistic eddy activity, Region 2 exhibits stable onshore transports throughout the year, with an annually averaged onshore transport of 0.85 Sv.
[39] The temporal variation with the period of about three months is revealed in the onshore transport in Region 2. The bottom panel of Figure 13 shows the temporal amplitude function of the complex EOF analysis adopted to temperature fluctuations along the shelf break in Region 2 (see subsection 4.2 and Figure 9 ). The amplitude function represented by the solid (dashed) curve indicates activity of the first (second) mode of the fluctuations. Large onshore transport appears when the amplitude function of the second (frontal eddy) mode is large. This suggests that the onshore transport is induced primary by frontal waves along the shelf break.
[40] The solid line in Figure 14 represents the vertical profile of the annually averaged onshore transport per unit depth at the shelf break of Region 2. The transport decreases in the lower layer, presumably owing to bottom friction. Also shown in Figure 14 is the cumulative onshore transport integrated from the bottom. To put this into perspective, note that the cumulative transport in the deepest layer (25-m thickness) reaches nearly the same transport as the Changjiang river discharge (0.03 Sv). Furthermore, the cumulative transport in the bottom 100-m-thick layer exceeds 10 times this river discharge.
Conclusion
[41] It is reasonable to consider that growing Kuroshio frontal waves enhance the cross-frontal transport at the shelf break in the East China Sea. The goal of this study is to estimate the onshore cross-frontal transport integrated along the shelf break. However, it is difficult to estimate this transport only on the basis of field measurements because of intense spatiotemporal variability in eddy activity. Hence we use a numerical model approach in which characteristics (phase speed, period, and amplitude at the JMA buoy station) of Kuroshio frontal waves are reproduced realisti- cally. One advantage of this study is that we use the unstructured triangular grid of FVCOM to resolve the complex shelf break bottom topography that may trigger frontal waves. In fact, Kuroshio frontal waves are generated in FVCOM around the location where the shelf break bottom slope changes abruptly over small scales, and have phase speeds and amplitudes consistent with those observed in the East China Sea. In addition to the complex bottom topography, the high-resolution FVCOM can reproduce the horizontal velocity shear that also triggers frontal waves [Zheng and Yuan, 1986] . It is anticipated that these frontal waves exchange seawater between the Kuroshio and shelf regions. On the basis of passive tracer experiments with FVCOM, the annually averaged onshore-transport integrated along the shelf break is estimated to be 0.85 Sv. This is shown schematically in Figure 15 together with various volume transports to be compared with this onshore transport.
[42] Ocean currents over the shelf are directed toward the Tsushima/Korea Strait [Katoh et al., 2000] , and are called the Tsushima Warm Current after passing the strait. Recent observations have estimated the volume transport of the Tsushima Warm Current to be between 2 and 3 Sv [Isobe et al., 2002; Teague et al., 2002; Takikawa et al., 2005] . The amount (0.85 Sv) of saline Kuroshio water mixed at the shelf break reaches 30-40% of this volume transport. We therefore conclude that Kuroshio frontal waves play a significant role in the water mass formation of the Tsushima Warm Current, and that the onshore transport at the shelf break is one source of Tsushima Warm Current water. This thought is consistent with Lim [1971] and Sawara and Hanzawa [1979] who consider that Tsushima Warm Current water originates from the shelf break of the East China Sea through mixture between Kuroshio and less saline shelf waters.
[43] There are two major nutrient sources in the Yellow and East China seas. One is the Changjiang, with an annually averaged discharge (0.03 Sv) that accounts for about 90% of the total river discharge into this area. Recently, on the basis of a nutrient budget in this area, Chen and Wang [1999] point out that the nutrient supply from the Kuroshio subsurface layer is much larger than that from the Changjiang. As shown in Figure 14 , the onshore transport from the Kuroshio just in the deepest layer (25-m thickness) of the model is comparable with the Changjiang river discharge. The nutrient transport should be quantified with numerical models that include ecosystem processes as well as realistic eddy activity over the shelf break. This initial study suggests that the nutrient supplied by the Kuroshio subsurface layer is likely to be an important fraction in the overall nutrient budget of this area. Figure 15 . Annually averaged volume transports of Kuroshio [Ichikawa and Chaen, 2000] , Tsushima Warm Current [Isobe et al., 2002; Teague et al., 2002; Takikawa et al., 2005] , Changjiang river discharge [Shen et al., 1998 ], and the onshore transport at the shelf break in Region 2.
